The NAA10-NAA15 complex (NatA) is an N-terminal acetyltransferase that catalyzes N-terminal acetylation of~40% of all human proteins. N-terminal acetylation has several different roles in the cell, including altering protein stability and degradation, protein localization and protein-protein interactions. In recent years several X-linked NAA10 variants have been associated with genetic disorders. We have identified a previously undescribed NAA10 c.215T>C p.(Ile72Thr) variant in three boys from two unrelated families with a milder phenotypic spectrum in comparison to most of the previously described patients with NAA10 variants. These boys have development delay, intellectual disability, and cardiac abnormalities as overlapping phenotypes. Functional studies reveal that NAA10 Ile72Thr is destabilized, while binding to NAA15 most likely is intact. Surprisingly, the NatA activity of NAA10 Ile72Thr appears normal while its monomeric activity is decreased. This study further broadens the phenotypic spectrum associated with NAA10 deficiency, and adds to the evidence that genotype-phenotype correlations for NAA10 variants are much more complex than initially anticipated.
Introduction
N-terminal (Nt-) acetylation is one of the most common protein modifications in eukaryotes [1, 2] . The functional consequences of Nt-acetylation are diverse, and include directing protein complex formation, subcellular localization, in addition to more general functions such as aiding in protein folding, and as a degradation signal marking proteins for degradation through the proteasome pathway [3] [4] [5] [6] [7] [8] [9] . N-terminal acetyltransferase A (NatA) consists of a catalytic subunit encoded by NAA10 (previously called Ard1, MIM 300013) and an auxiliary subunit encoded by NAA15 (previously called NAT1/NATH, MIM 608000) and is responsible for Nt-acetylation of~40% of the human proteome [2, [10] [11] [12] . Loss of NAA10 in D. melanogaster, T. brucei, and C. elegans results in lethality [13] [14] [15] and morpholino knockdown of NAA10 in zebrafish causes developmental defects and increased mortality rate of zebrafish embryos [16] . There are also numerous reports connecting human NAA10 to several different types of cancers, both as a tumor suppressor and as an oncogene (reviewed in [17] ), and describing how loss of NAA10 expression induce cell cycle arrest and apoptosis [18] [19] [20] .
In 2011, a NAA10 variant, c.109T>C p.(Ser37Pro), was identified as the cause of an X-linked recessive lethal disorder called Ogden syndrome (MIM 300855) [21] . Boys affected by Ogden syndrome had severe global development delays, craniofacial abnormalities, hypotonia, and cardiac anomalies or arrhythmia and all of the boys affected by this syndrome died between 8 and 16 months of age [21] . Molecular investigations revealed a reduced NatA complex formation and reduced Nt-acetylation of NatA substrates in cells derived from Ogden syndrome patients [22, 23] . Since then, several new NAA10 variants have been described and the phenotypic spectrum of patients with NAA10-related N-terminal acetylation deficiency has broadened [24] [25] [26] [27] . Esmailpour and colleagues reported a NAA10 splice site variant, c.471+2T>A (NM_003491. 3) , that was identified in four males with the X-linked recessive disorder Lenz-micropthalmia syndrome (MIM 309800) [28, 29] . Popp and colleagues described two NAA10 variants, c.319G>T p.(Val107Phe) and c.346C>T p.(Arg116Trp), in a girl and a boy with severe intellectual disabilities, postnatal growth retardation, hypotonia, and behavioral anomalies [25, 30] , and shortly later, Casey and colleagues reported another missense variant, c.128A>C p.(Tyr43Ser), in two brothers with developmental delay, facial dysmorphisms, scoliosis, and long QT [24] . Finally, three variants that affect NAA10 function, c.247C>T p.(Arg83-Cys), c.384T>A p.(Phe128Ile), and c.382T>A p.(Phe128-Leu), were identified in a total of 12 female and 1 male patients with development delay, severe intellectual disability, postnatal growth failure, and skeletal and cardiac anomalies [26, 27] . One of the female patients had inherited the variant from her mother, most likely through maternal germ line mosaicism, in all of the other female patients the NAA10 variants occurred de novo [25, 26] .
We here report the identification of a novel NAA10 variant, c.215T>C p.(Ile72Thr), in two brothers and a third unrelated boy with global development delay and intellectual disability. The two brothers both have hypertrophic cardiomyopathy (HCM) and developmental delay with autistic features. The third patient has developmental delay, minor dysmorphic features, and cardiac abnormalities including hypertrophic cardiomyopathy and QT prolongation. He developed a malignant brain tumor at 2 years of age but remains in remission after treatment. N-terminal acetyltransferase assays reveal a clear reduction in catalytic activity of NAA10 Ile72Thr towards substrates representing in vitro monomeric NAA10 substrates, and a clearly increased protein turnover rate in cells, strongly suggesting that this variant is dysfunctional compared to NAA10 WT.
Materials and methods

Whole-exome sequencing
Whole-exome sequencing (WES) for family 1 (proband, affected sibling, and mother) was performed as previously described [31] in the Baylor College of Medicine Human Genome Sequencing Center using a custom VCRome 2.1 capture reagent. Sequence data were processed using the Mercury pipeline [32] , with additional annotation performed in the Baylor Hopkins Center for Mendelian Genomics using the program Variant Analyzer under research protocol H-29697. The variant was submitted to ClinVar (SCV000494176). WES for family 2 was performed by GeneDX (USA).
Multiple sequence alignment and homology model
Multiple sequence alignments were created using ClustalX [33] and the illustration using ESPript3.0 [34] . The human NatA homology model was created and published previously [23] .
Plasmid preparation and protein purification pcDNA3.1-V5-NAA10 and pETM41-His/MPB-NAA10 plasmids coding for the p.Ile72Thr variant were created by site-directed mutagenesis (QuikChange® Multi SiteDirected Mutagenesis kit) according to the manufacturer's protocol. Primer sequences are available on request. Protein purification was performed as described previously [25] with minor modifications.
Immunoprecipitation of NAA10-V5
HeLa cells were grown on Ø 10 cm plates and transiently transfected with 10 µg pcDNA3,1-V5-plasmids using XtremeGENE 9 DNA transfection reagent (Roche). After 24 h medium was replaced. 48 h after transfection, cells were harvested and washed in cold PBS (pH 7.4), resuspended and lysed in 800 µl IPH lysis buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40; complete EDTA free protease inhibitor (Roche)), 20 min incubation on ice. Cell debris was removed by centrifugation (4°C and 17,000×g for 10 min), the supernatant subjected to preclearing before 18 µg of V5 tag mouse monoclonal antibody (Invitrogen) was added to the supernatant. The mixture was incubated on a rotating wheel at 4°C for 2 h before 225 µl of prewashed magnetic beads were added and incubated overnight. Beads were isolated using a magnet, washed three times in IPH lysis buffer, two times in acetylation buffer (50 mM Tris-HCl, 10% glycerol, 1 mM EDTA, pH 8.5) and equally divided into different tubes for Ntacetylation assays and western blotting analysis. Anti-V5 (mouse, Invitrogen), anti-NAA15 and anti-NAA10 (rabbit, Biogenes [12] ) antibodies were used to detect immunoprecipitated NAA10-V5 and NAA15. Protein bands of NAA10-V5 imaged by using ChemiDoc TM XRS+ system of Bio-RAD were quantified by using the ImageLab 5.1 software from Bio-RAD.
Nt-acetylation assay
Equally divided magnetic beads containing NAA10-V5 were mixed with 247 µM Acetyl CoA, 66 µM Acetyl CoA [acetyl-1-14C] (Perkin Elmer), 300 µM substrate polypeptide, acetylation buffer, and incubated at 37°C in a shaker for 1 h. As a negative control, water was added instead of substrate polypeptide. Product formation was detected as described [35] . For each condition, three measurements were performed. The measured product formation was correlated to the amount of NAA10-WT-V5 and NAA10-Ile72Thr-V5 present in each sample as determined by the V5-signal in Western blots. To account for the uncertainty and variance in the determination of NAA10-V5 in each sample, standard deviations were calculated by the equation
, where A and dA represent the mean of measured radioactivity and standard deviation from the acetylation assay, and B and dB the mean of the quantification of the NAA10-V5 band intensities and the standard deviation from these measurements, respectively.
Protein turnover analysis
The protein turnover analysis of NAA10-Ile72Thr-V5 by Cycloheximide chase assay was performed as described previously [24] . In brief, HeLa cells were plated on six-well plates 16 h before transfection and transiently transfected with 2.6 µg NAA10-Ile72Thr-V5 and NAA10-WT-V5 and 50 µg/ml Cycloheximide was added 48 h after transfection Samples were analyzed by SDS-PAGE and Western blotting using anti-V5-tag antibody (Invitrogen, R960-25), anti-β-Tubulin antibody (Sigma Aldrich, T5293), anti-NAA10 antibody, and anti-NAA15 antibody [12] . Signals were detected and quantified as described above.
Results
Clinical report: family 1, patient II-1 and II-2
Individual II-1 is a boy who was first evaluated at 6 months of age by the pediatric cardiologist for suspected hypertrophic cardiomyopathy (HCM). The echocardiogram was suggestive of a small muscular ventricular septal defect, as well as severe left ventricular hypertrophy with evidence of mid-cavitary obliteration and some mitral insufficiency. Echo revealed moderate to severe concentric HCM with mild left ventricular outflow tract obstruction (LVOT). He was started and managed on β-blocker therapy (propanolol). At 1 year of age his echocardiogram revealed marked left ventricular hypertrophy with moderate outflow tract obstruction. By 2½ years his echocardiogram continued to reveal moderate left ventricular outflow tract obstruction with a peak velocity of 4.1 m/s. He had mild mitral regurgitation with a mildly dilated left atrium at that time. His propanolol dose was increased, and then changed to metoprolol, and verapamil was added, and treatment later changed to atenolol. His subsequent echocardiograms have shown mild to moderate LVOT. At the last evaluation by the pediatric cardiologist, when he was 8½ years of age, he was found to be relatively asymptomatic from a cardiac standpoint. His cardiomyopathy is described as severe concentric left ventricular HCM with moderate dynamic LVOTO, prolonged QTc on EKG. He has normal right ventricular size and function.
He has global developmental delay (DD) and intellectual disability (ID). MRI of the brain at 3 years of age showed a thin corpus callosum, with relative paucity of frontal lobe without focal parenchymal signal abnormality to explain his DD/ID. Gross motor milestones were delayed including holding head up (3-4 months), rolling over (4 months), crawling (12 months), standing (12 months), and walking (19 months). His speech has been particularly delayed, and he had no words at 4 years of age. He is presently 9 years old and attends special education class at school, defined as having a cognitive communication deficit and mixed receptive-expressive disorder, and he does not use signs. He has tactile aversion, and behavioral abnormalities: he may push, bite or pinch other children if he disagrees with their behavior. He copies others' facial expression. He likes to clap his hands, jump, fake coughs, he has normal muscular tone, and normal hearing, and normal growth. At 4 years 4 months of age his height was 97.8 cm (5p for age according to CDC growth charts), weight 14.8 kg (10-25p for age), and 8 years 6 months of age his height was 124.7 cm (10-25p) and weight 24.2 kg (10-25p).
At 4 years of age he was hospitalized for severe symptomatic hypoglycemia (glucose of 29) and symptoms of fatigue, diaphoresis, and depressed responsiveness, had elevated medium chain acylcarnitines (C6, C8 and C10, but C10>C10:1). He was treated with dextrose and improved thereafter. The acylcarnitine profile was concluded to be consistent with diet, and not with medium chain acylcarnitine deficiency or another metabolic disorder. Metabolic screening tests were normal including plasma amino acids and urine organic acids. Sanger sequencing of the following cardiomyopathy related genes was performed prior to the WES: ACTC GLA, LAMP2, MYBPC3, MYH7, MYL2, MYL3, PRKG2, TNNT2, TNNI3, TNNC1, and TPM1. And chromosomal microarray (BCM oligoarray version 7.4) showed normal male karyotype without any pathological copy number variants. WES in the clinical laboratory did not reveal any suspected pathological variants, but detected variants of then unknown significance in two genes associated with cardiomyopathies, TTN & DSP. His mother was heterozygous for two of these (NM_133378. This proband in Family 1, individual II-1, was WES in the clinical lab, and further genetic studies including WES of his brother (individual II-2) and the mother were performed as part of the Baylor-Hopkins Center for Mendelian Genomics WGL2CMG study described previously by Eldomery and colleagues (cases BH5665_1 and BH5665_4) [31] . Both brothers were found to be hemizygous for the exon 4 variant in NAA10 c.215T>C (NM_003491.3, NG_031987.1), with the predicted protein effect p.(Ile72Thr) and the variant submitted to ClinVar (SCV000494176). The mother was found to be heterozygous for the c.215T>C variant. Both parents are healthy without any cardiac symptoms or abnormality. The mother is from El Salvador and the father from Mexico (Fig. 1) .
His brother, Individual II-2 in Family 1, was born full term after a normal pregnancy and had birth weight 3.629 kg. He has had normal growth since birth, at 5 years 5 months of age his height was 103.7 cm (5-10p) and weight 17.5 kg (25-50p). He was already at 9 months of age referred to the pediatric cardiologist for the possibility of HCM due to the positive family history, and obstructive hypertrophic cardiomyopathy was confirmed in him as well. At 1 year of age the echocardiogram showed findings consistent with obstructive hypertrophic cardiomyopathy, severe asymmetric septal hypertrophy with mild dynamic obstruction, left ventricular end-diastolic dimension measures below normal for BSA and qualitatively hyperdynamic systolic function. He had moderate right ventricular hypertrophy, a small fenestrated secundum ASD, and small membranous VSD. He was started on propranolol, later transitioned from propranalol to atenolol, and his atenolol has been up-titrated at the follow-up visits to the hospital and pediatric cardiologist. At 4½ years of age he has a Fig. 1 NAA10 variants stable moderate asymmetric septal hypertrophy and mild dynamic LVOTO (~2 m/s). He had speech and gross motor delay, but less severe as compared his older brother. He has a mixed expressive/receptive language disorder, DD, and 'behavioral arrests' in the setting of normal EEG, thought to be behavioral rather than epileptic in etiology. Brain imaging has not been performed.
Clinical report: family 2, patient II-1
The third patient (family 2, II-1) with the NAA10 c.215T>C p.(Ile72Thr) variant was referred for genetic evaluation at 18 months of age for developmental delay in speech and language, and dysmorphic features. These features were thought to be mild and not warranting extensive evaluation so close clinical follow-up was planned. An MRI of the brain at that time showed mild periventricular leukomalacia of unclear significance. At 25 months of age, he was reevaluated for sudden onset and rapidly worsening gait ataxia. Laboratory evaluation revealed no immediate cause for his abnormalities. While a repeat brain MRI was pending, concerns for a possible genetic etiology led to initiation of WES. The repeat brain MRI identified a new posterior fossa mass that developed in the interim. A gross total resection of the tumor was performed and identified as a medulloblastoma. He was treated according to COG protocol ACNS0334 using three courses of standard chemotherapy followed by three courses of high-dose Multiple sequence alignment and structural modeling NAA10 multiple sequence alignment reveal that Ile72 is highly conserved through evolution from human down to yeast. Ile72 is located in the core of the protein with its side chain forming a hydrophobic pocket together with residues Met91, Met99, Val107 and Phe128 (of human NAA10), all of which also are highly conserved (Fig. 2a, b) . Two of these residues (Val107 and Phe128) have previously been found altered by missense variants in four female patients with intellectual disabilities and developmental delay as part of the phenotype [25, 26] . These NAA10 variants (c.319G>T p.(Val107Phe), c.384T>A p.(Phe128Ile) and c.382T>A p.(Phe128Leu)) were shown to have reduced protein stability, and reduced catalytic activity. The hydrophobic pocket formed by these residues is also present in other NATs (NAA10 orthologues) for which X-ray crystal structures have been solved (NAA40, NAA50, NAA60) (Fig. 2c) , in an archaea NAT (PDB ID: 4LX9, data not shown) and also in several lysine acetyltransferases that adopt the GCN5-related N-acetyltransferase (GNAT) fold (PDB ID: 1QST, 1BOB, 2P0W, data not shown). Altogether this suggests that introducing residues that disrupts or alters this hydrophobic pocket will have severe effects on NAA10 protein stability and/or catalytic function.
Functional testing of Naa10 Ile72Thr
In order to study the catalytic activity of NAA10 Ile72Thr and NAA10 WT, we overexpressed and immunoprecipitated V5-tagged NAA10 from HeLa cells using antibodies towards the V5 fusion tag. Immunoprecipitated samples were subjected to in vitro NAT acetylation assays, and the amount of NAA10-WT-V5 or NAA10-Ile72Thr-V5 in each sample was determined by Western blotting (Fig. 3a) . NAA15 co-immunoprecipitated with both NAA10-WT-V5
and NAA10-Ile72Thr-V5, suggesting that both NAA10 variants are able to form a NatA complex in our assay. The catalytic activity of the immunoprecipitated sample was then tested toward peptides EEEIA 24 and SESSS 24 which represent in vitro substrates for monomeric NAA10 and the NatA complex, respectively [2, 36] . Results from these experiments revealed an~75% reduction in catalytic activity towards the in vitro monomeric NAA10 substrate EEEIA 24 , and surprisingly no reduction in catalytic activity when tested for the canonical NatA substrate SESSS 24 ( Fig. 3b) . As NAA10 is dependent on the interaction with NAA15 for acetylation of canonical NatA substrates, our data thus suggest that NAA10 Ile72Thr is able to form a functional NatA complex, but has impaired function in a monomeric state. In order to further asses the stability of NAA10 Ile72Thr, we transfected HeLa cells with plasmids encoding V5-tagged NAA10 WT or NAA10 Ile72Thr and performed Cycloheximide chase experiments with antibodies against the V5 tag, NAA10, NAA15 and β-tubulin. These experiments revealed a clearly higher turnover rate for NAA10-Ile72Thr-V5 compared to NAA10-WT-V5 (Fig. 3c, d ) suggesting that NAA10-Ile72Thr-V5 has a decreased stability and shorter half-life when expressed in HeLa cells compared to NAA10 WT.
DISCUSSION
We have identified a NAA10 missense variant, c.215T>C p. (Ile72Thr), in three male patients from two unrelated families with mild development delay, intellectual disabilities and HCM as overlapping phenotypes. Ile72 is highly conserved, and has an important structural role in NAA10, forming a hydrophobic pocket together with other amino acids (Val107, Phe128) that previously have been identified substituted in female patients with similar (although more severe) phenotypes [26] . The NAA10 p. (Ile72Thr) missense variant is not contained in EcAC or gnomAD (i.e., no occurrences of the variant, reviewed 19 December 2017). Functional studies of NAA10-Ile72Thr-V5 revealed an increased turnover rate when expressed in human cell lines (~60-70% of proteins being degraded in the first 2 h after Cycloheximide treatment, while the remaining 20-30% only slowly decayed in the following 4 h), and a reduced stability when recombinantly expressed in bacteria (we were not able to purify this protein as a monomer ( Figure S1) ). This together with our results from the IP NAA10-V5 NAT activity assays suggests that NAA10 Ile72Thr together with NAA15 is able to form a functional NatA complex, but at the same time that NAA10 in a monomeric form is destabilized and rapidly degraded. We speculate that while monomeric NAA10 is affected by the Ile72Thr substitution, a portion of the overexpressed NAA10 molecules in our assays are interacting with endogenous NAA15. This may stabilize and protect NAA10 Ile72Thr from being degraded and thus rescues the catalytic activity of the protein towards NatA substrates. Altogether, according to ACMG criteria, based on the functional studies presented here (PS3), the missense constraint metric of 2.59 in EcAC (PM2, PP1 and PP2), the damaging predictions in MutationTaster, SIFT, PolyPhen (data not shown) and a CADD score of 26.2 (PP3) we consider the variant as likely pathogenic.
Since the discovery of Ogden syndrome [21] , several variants that affect NAA10 function have been identified in both boys and girls, greatly expanding the phenotypic spectrum associated with variants in NAA10 [24] [25] [26] [27] ( Table 2 ). The three patients described here with mild development delay, intellectual disabilities and HCM as overlapping phenotypes, have milder phenotypes than all of the previously described patients with variants affecting NAA10 function. Similar to previously described patients, patient II-1 from family 2 also had mild skeletal and facial anomalies [21, [24] [25] [26] , and MRI of patient II-1 from family 1 revealed thin corpus callosum which has been described previously in patients with NAA10 variants. MRI of patient II-1 from family 2 revealed periventricular leukomalacia and medulloblastoma. NAA10 has repeatedly been connected to the development of different types of cancers [17] and we cannot exclude the possibility that the p.(Ile72Thr) variant has played a role in the development of malignancy. That said, this has not been seen in any of the previously described patients with NAA10 variants affecting function, and NAA10 has to our knowledge not been previously connected to development of medulloblastoma.
When the first NAA10 variants emerged, the observed phenotypes were directly linked to loss of Nt-acetylation, and it was speculated in correlations between the severity of phenotypes and remaining catalytic NAT activity from Ntacetylation assays [21, 25] . However, as more NAA10 variants emerge, our understanding of how these variants are causing disease is becoming increasingly complex, and it is likely that different variants are causing disease through different mechanisms. In Table 2 , we have summarized phenotypes and results of all the NAA10 variants that have SpNAA10 is shown in green, hNAA10 in yellow and hNAA15 in white. The bisubstrate analog bound to SpNAA10 is shown in cyan and green sticks. c Structural alignment of human NATs. The hNAA10 homology model is structurally aligned with crystal structures of hNAA40 [41] (gray cartoon), hNAA50 [42] (red cartoon), and hNAA60 [43] (blue cartoon) (PDB IDs: 4U9W, 3TFY, and 5ICV) been functionally assessed and published so far. Similar to the functional studies of the NAA10 Ile72Thr presented here ( Table 2 , variant 1), both NAA10 Tyr43Ser, Phe128-Leu and Phe128Ile (Table 2 , variants 2, 3, and 4) were found to greatly destabilize NAA10 [24, 26] . The variants Arg83Cys and Arg116Trp (Table 2 , variants 6 and 7) however were shown to not destabilize, but rather directly reduce the catalytic activity of NAA10 due to hampered Acetyl CoA binding, and the Ser37Pro variant ( Table 2 , variant 8) causing Ogden syndrome did not destabilize NAA10 but rather caused a reduced catalytic activity in addition to loss of NatA complex formation [21, 25, 26] . Interestingly, proteomic studies of patient-derived cell lines expressing the NAA10 p.(Ser37Pro) variant showed that although both a reduced NAA10 catalytic activity and NatA catalytic activity was observed in NAT in vitro assays, mainly NatA substrates had a reduced level of Nt-acetylation, suggesting that NAA10 p.(Ser37Pro) affects NatA function rather than NAA10 function. In the case of Ile72Thr, our data show that NatA function is not affected and thus suggest that the patient phenotypes may be caused by loss of NAA15-and NatA-independent NAA10 activities such as NAT activities toward acidic N-termini [36] , KAT activities [37, 38] , or even non-catalytic functions of NAA10 [39] . Based on this, we speculate that loss of NatA function is more severe than loss of monomeric NAA10 function and that this can explain the large discrepancy in phenotype seen between patients with NAA10 p.(Ile72Thr) and p.(Ser37Pro) variants. Another NAA10 variant, c.332 T > G p.(Val111Gly), was published while this manuscript was in press [44] . Interestingly, as for NAA10 Ile72Thr, NAA10 Val111Gly is destabilized and displays an impaired monomeric NAA10 NAT activity, while the NatA-mediated NAT-activity appears to be intact. Fig. 3 Activity measurements and turnover rate of NAA10-Ile72Thr-V5 versus NAA10-WT-V5. a Quantification of immunoprecipitated NAA10-WT-V5 and NAA10-Ile72Thr-V5 used in acetylation assays. Quantification of V5-bands were performed using the ChemiDoc TM XRS+ system, and the ImageLab 5.1 software from Bio-RAD. b Catalytic activity of immunoprecipitated NAA10 variants. The catalytic activity was measured and correlated to the amount of NAA10 present in each sample as determined by densitometry analysis in a. c Western blot of cycloheximide chase experiments. Samples were Western blotted and analyzed with anti-V5, anti-NAA10, anti-NAA15, and anti-β-tubulin as a loading control. Anti-NAA10 recognize two main bands in the western blot, denoted * and **, bands marked with * corresponds to the expected size of V5-tagged NAA10 while ** corresponds to the expected size of endogenous untagged NAA10. d Band intensities of V5-tagged NAA10 variants were quantified as in a, and the value for each time point were correlated to the measured density of t0 Table 2 Overview of all NAA10 variants with phenotype and functional data Variant no. Saunier et al. [26] Saunier et al. [26] Saunier et al. [26] , Sidhu et al. [27] Popp et al. [25] , Saunier et al. [26] Rope et al. [21] , Myklebust et al.
[23]
Esmailpour et al.
[28], Forrester et al. [29] NAA10 variant (NM_003491. NAA10 is an X-linked gene and not surprisingly, males that are hemizygous of NAA10 variants affecting function are more severely affected clinically compared to heterozygous females. For several of the NAA10 variants, heterozygous females only have mild phenotypes or no phenotypes at all, most likely due to skewed X-inactivation [21, 23, 24, 28] . X-inactivation might also explain why the two mothers heterozygous for NAA10 p.(Ile72Thr) have no phenotypes. There are two cases in which a NAA10 missense variant is causing disease in both females and males (p.(Arg83Cys) and p.(Arg116Trp), Table 2 , variants 6 and 7), in both cases the male patient had more severe phenotypes compared to heterozygous females [25, 26] . Variants 1 and 3-5 in Table 2 Phe128Leu)) are all affecting the same hydrophobic pocket in NAA10 and functional testing suggest that the severity of each of these variants are similar on a molecular level. It is therefore very interesting that the phenotype of the three boys described here clearly is less severe than the phenotypic spectrum of the four female patients with random XCI and missense variants affecting the same hydrophobic pocket of NAA10 (Fig. 2b, Table 2 ) [25, 26] . Altogether the phenotypes of the three patients described here together with our functional assay suggest that the NAA10 p.(Ile72Thr) variant is likely pathogenic, but that the variant is less severe compared to most of the previously described variants that affect NAA10 function. Our data also underscore that each of the identified NAA10 variants needs to be revisited in order to achieve a better understanding of the molecular mechanisms underlying clinical manifestations associated with NAA10 deficiency. Prior to transferring WES data for the proband from clinical lab to BHCMG research lab, and performing WES of the additional family members, written informed consent was obtained for each individual included in the study.
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